The structure of the adsorbed palmitic acid at the Fe oxide/oil interface has been investigated using polarised neutron reflectometry. The palmitic acid was found to be strongly adsorbed at the oxide/oil interface resulting in a monolayer of thickness 16±4 Å for 150, and 500 ppm palmitic acid concentrations (16±5 Å for the 1000 ppm solution). These layer thicknesses suggest tilt for the palmitic acid molecules with respect to the interface. The model also requires a second diffuse layer extending in the bulk oil. The thickness of this diffuse layer was 35±17 Å for the 150 ppm and 45±22 Å for 500 and 1000 ppm solutions. The composition profiles at the interface suggest a depletion of the oil in the vicinity of the interface as the concentration of palmitic acid increases.
Introduction
The lubrication of surfaces by oils is a key aspect of many academic and industrial problems with significant financial implications [1] . Although lubrication has been exploited for many centuries, the details of the underlying physics and chemistry are still to be resolved. There are three broad regimes of friction/lubrication depending upon the applied load [2] : from (i) the hydrodynamic regime, where a reasonable layer of oil can survive between the moving surfaces to (ii) the boundary regime where the high load pushes most oil out leaving a molecularly thin film between the surfaces and (iii) an intermediate 'mixed' regime. In many commercial applications, additives (boundary lubricants) can be added to the oil to maintain and enhance the oil monolayer adsorbed on surfaces, which are believed to act by adsorption to the metal surfaces. The physisorption or chemisorptions of long chain polar organic molecules on metal surfaces are considered to form a thin film between the moving metal surfaces which can result in a reduction in the coefficient of friction. A simple example of these additives could be fatty acids adsorbed from non-polar hydrocarbon oils onto a metal surface. Other additives are also included in these systems for example to prevent oxidation and dispersal of particulates. In many cases these are also interfacially active agents.
This area of science is growing in importance because of: Advances in engine technology combined with lower emission requirements; the demand for fuel efficiency and improved friction reduction; and the desire for a longer oil change interval. Hence, understanding the role and the adsorption isotherms for lubricant additives at the oil-metal interface is essential. The measurements outlined below will help towards achieving these goals to improve design and establish a more efficient formulation.
The adsorption of surfactants at solid-aqueous and air-aqueous solutions has been studied indepth over the past decade using techniques such as X-ray and neutron reflectometry, ellipsometry and surface tension measurements [3] [4] [5] . Although surfactants are widely used as friction modifiers, very little work has been done in structural studies of surfactants at nonaqueous metal interfaces. These systems are interesting both in terms of fundamental adsorption processes as well as technological applications. Friction modifiers are normally alkyl species with 10 or more carbons and interfacially active head groups. In addition other agents such as anti-wear additives [6, 7] are also added to lubricant fluid (essentially mineral oils, esters and related base fluids). These are typified by zinc dialkyl dithiophosphate (ZDDP). The decomposition of the anti-wear modifiers and their adsorption in the presence of surfactant-friction modifiers are complex and are believed to consist of a complex multilayer structure which is again not fully understood.
In this study we use polarised neutron reflectometry to study the palmitic acid (CH 3 (CH 2 ) 14 COOH) adsorption at the Fe oxide/oil interface for a series of surfactant concentrations. This study is an initial part of a larger investigation into understanding the role of adsorbed surfactants and anti-wear inhibitors used in industry.
Materials
Hexadecane-d34 was obtained from Cambridge Isotope Laboratories (> 98 atom D%). Palmitic acid (CH 3 (CH 2 ) 14 COOH) was purchased from Sigma-Aldrich UK. The substrates kept in an inert atmosphere prior to the neutron experiments. All solutions and mixtures were prepared by mass. An iron layer was deposited on a silicon substrate (55 mm diameter) together with a reference Fe layer coated float glass (3 mm thick) substrate for the purpose of calibration of the sputtering machine. All the sample depositions were carried out at Helmholtz Zentrum Berlin using a UHV DC magnetron sputtering system with the argon pressure and sputter power of 1.3 10 -3 mbar and 0.65kW respectively (the base pressure was 6.5 10 -6 mbar).
Experimental
A non-magnetic, small volume cell (~1 ml) was constructed from aluminium with plastic screws for the polarised neutron reflectometry experiment. The cell is shown schematically in Figure 1 . Polarised neutron reflectometry was solely used as a means of providing additional contrasts. The polarised neutron reflectometry experiment was undertaken using the neutron reflectometer, V6, at the Helmholtz Zentrum Berlin, Germany.
The V6 instrument deploys a cold neutron wavelength of 4.66 Å together with a polarisation ratio of 98.5%. The instrument uses pyrolytic graphite crystals as a monochromator together with a liquid nitrogen cooled Be filter positioned before the sample. The polarised monochromatic neutrons are produced using a Si-FeCo supermirror in the incident beam. The beam collimation is achieved by using two sets of computer controlled cadmium slits. A magnetic field in the sample plane is applied to the sample perpendicular to the neutron beam direction. The neutron detector used was an array of 3 He gas detectors moving in a vertical plane.
Neutron reflectivity is a technique sensitive to the average neutron refractive index, n, profile normal to an interface. The neutron refractive index for a magnetic sample which is magnetised in the plane of the surface can be written as a sum of the nuclear (n nuclear ) contribution and the magnetic (n magnetic ) component of the sample. The refractive index for a magnetised sample in a neutron beam polarised parallel (δ+) and antiparallel (δ-) to a field applied to the sample can be written as [8] )
where is the neutron wavelength, with N the number density, b the coherent nuclear scattering length, and µ is the average magnetic moment per atom and C is a constant (0.2645 × 10 -12 cm µB -1 ). The neutron spin-dependent refractive indices result in a neutron spindependent reflectivity (R + and R -). The reflectivities can be calculated using, among other methods, the standard optical-matrix method and the parameters of the proposed layer model can be optimised using non-linear least-squares fitting.
Results
The X-ray reflectivity (the wavelength and resolution 1.54 Å and 0.004 Å -1 respectively) from the calibration iron sample on a float glass is shown in Figure 2 . The fit to the data is shown by the solid line and the fitted parameters are given in Table 1 . As usual in these experiments, to provide adhesion of the sputtered iron layer on the glass substrate an addition layer of tin (10 ± 4 Å) was used. This layer was only required for the float glass reference and not for the Silicon. Subsequently a Si-Fe sample with a layer of 30 nm was investigated with polarised neutron reflectometry. The bare iron surface of the Si-Fe system was first characterised at the air/iron interface prior to the surfactant adsorption experiment at the soild-liquid interface. The neutron spin flip asymmetery for the iron sample at the metal/air interface is shown in Figure 3 . The solid line shows the fit corresponding to Fe layer of 302±5 Å layer with roughness of 6 Å and an iron oxide layer of 28±2 Å and roughness of 6 Å. The insert Figure (Fig 3) shows the individual spin up (δ+) and spin down (δ-) reflectivity profiles. The fits to data using the model just described are shown by the solid line and the fitted parameters are given in Table 2 in Figure 4 (a). The idealised scattering length density profiles for both the magnetic and the nuclear contributions of Si, iron and iron oxide layers with hexadecane forming the bulk oil are shown in Figure 4 (b). These scattering length density profiles clearly show that for the spin up (δ+) neutrons the reflectivity would strongly be dominated by the Si/iron interface contribution, hence a reduction in sensitivity to any adsorbed palmitic acid at the iron oxide/ bulk oil interface. Hence it is the spin down (δ-) reflectivites that will provide the optimum contrast scheme for resolving the structure of the palmitic acid at the iron oxide/bulk oil interface.
The spin up (δ+) and spin down (δ-) reflectvities (R + and R -) were measured for all concentrations and an example of a pair is shown for 150 ppm palmitic acid concentration in Figure 5 . Henceforth only the spin down (δ-) reflectivity profiles are shown for convenience.
The parameters deduced for the bare substrate were fixed in all subsequent fitting procedures.
The reflectivity profiles for spin down neutrons (δ-) for a series of palmitic acid concentrations (150 to 1000 ppm) are shown in Figure 6 with d-hexadecane forming the bulk oil solution. The fits to these data are shown by the solid lines. The fitted parameters for these fits are given in Table 3 .
The scattering length density representation of the fitted models is shown in Figure 7 (a). The volume fraction profiles for the oil (hexadecane) and the corresponding palmitic acid as a function of distance away from the iron oxide are shown in Figure 7 (b) and 7(b) insert respectively.
Discussion
The fitted parameters to the reflectivity profiles for all the palmitic acid concentrations suggested some degree of porosity for the iron oxide layer. The scattering length density of the iron oxide layer indicated some inclusion of the palmitic acid to a depth of 8±2 Å (the overall thickness of the oxide layer was 28±6 Å). The overall composition of the oxide layer was the same for all the palmitic acid concentrations. A two layer model was then required to fully describe the extent and the structure of the adsorbed palmitic acid at the iron oxide/oil interface. The palmitic acid was found to be strongly adsorbed on the oxide/oil interface resulting in a monolayer of thickness 16±4 Å for 150, and 500 ppm palmitic acid concentrations (16±5 Å for the 1000 ppm solution). The fully extended molecular length for this acid is ~21 Å layer, hence these layer thicknesses suggest an apparent tilt of the palmitic acid molecules with respect to the interface normal. The model also requires a second diffuse layer extending in the bulk oil. The thickness of this diffuse layer was 35±17 Å for the 150 ppm and 45±22 Å for 500 and 1000 ppm solutions. The scattering length density and composition of these layers are shown in Figure 7 (a). The composition profiles, Figure 7 (b), suggest a depletion of the oil in the vicinity of the interface as the concentration of palmitic acid increases. The fitted parameters are tabulated in Table 3 .
The roughness of the second diffuse layer is relatively high, however acceptable (<1/2 the layer thickness). This structure represents a gradual change in composition of the palmitic acid away from the interface as indicated by the composition profiles, Figure 7 (b) (insert).
The adsorbed amounts were calculated by integrating the volume fraction profiles of the palmitic acids and are shown in Figure 8 (a). This data shows an almost linear increase for the palmitic acid adsorbed amount as a function of concentration used.
The wear profile (reported in the literature [10] ) for the palmitic acid in n-hexadecane is shown in Figure 8 
Conclusion
This paper reports to our best of our knowledge, the first measurements of the adsorption of surfactants at the metal oxide/oil interface as a function of surfactant concentration using polarised neutron reflectometry. We have used polarised neutrons in order to provide important additional contrast that is key in achieving structural solution in such complex systems. We found that the adsorbed amount for palmitic acid increases almost linearly with the concentration.
It is possible to consider the relevance of such adsorption in industrial problems such as lubrication and wear, and we have outlined some tentative suggestions that may connect the adsorption behaviour and wear of this fatty acid.
In our future experiments we will extend this study to investigate other surfactants and oil systems, particularly multicomponent mixtures, in addition to assessing the role of temperature on these adsorption profiles. Table 1 . Table 2 . The profiles are shifted by a factor of 10 for the purpose of clarity. The data is also shown (insert) on the same plot to highlight the changes in the reflectivity profiles as a function of concentration. 
